Abstract. Proinsulin is a single polypeptide chain composed of the B and A subunits of insulin joined by the C-peptide region. Proinsulin is converted to insulin during the maturation of secretory vesicles by the action of two proteases and conversion is inhibited by ionophores that disrupted intracellular H ÷ gradients. To determine if conversion of prohormone to hormone actually occurs in an acidic secretory vesicle, cultured rat islet cells were incubated in the presence of 3-(2,4-dinitroanilino)-3' amino-N-methyldipropylamine (DAMP), a basic congener of dinitrophenol that concentrates in acidic compartments and is retained there after aldehyde fixation. The cells were processed for indirect protein A-gold colocalization of DAMP, using a monoclonal antibody to dinitrophenol, and proinsulin, using a monoclonal antibody that exclusively reacts with the prohormone. The average density of DAMP-specific gold particles in immature secretory vesicles that contained proinsulin was 71/~tm: (18 times cytoplasmic background), which indicated that this compartment was acidic. However, the density of DAMP-specific gold particles in the insulin-rich mature secretory vesicle averaged 433/~tm 2. This suggests that although proinsulin conversion occurs in an acidic compartment, the secretory vesicles become more acidic as they mature. Since the concentration of anti-proinsulin IgG binding in secretory vesicles is inversely proportional to the conversion of proinsulin to insulin, we were able to determine that maturing secretory vesicles had to reach a critical pH before proinsulin conversion occurred.
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URING endocytosis and exocytosis, macromolecules are sequestered in a series of membrane-bound vesicles that migrate to specific intracellular targets. A remarkable feature of these vesicles is that often their interior is maintained at a low pH relative to the surrounding cytoplasm (25, 28) . Whereas the pH of vesicles in the endocytic pathway has been measured in situ with pH-sensitive dyes (19, 35) , vesicles in the secretory pathway have been isolated and the pH measured directly (4, 10, 11, 40) . The pH of these vesicles ranges from pH 4.5 (19) to pH 6.5 (38, 39) depending on the type of vesicle, and there is good evidence that the proton gradient is generated by an ATP-dependent proton pump. Coated vesicles (7, 8, 34) , endosomes (9) , and lysosomes (20, 30) in the endocytic pathway and the Golgi apparatus (10, 40) and secretory vesicles (4, 11, 29) in the exocytic pathway contain a similar type of proton pump. Thus, acidification of these compartments is an active process that may be regulated in response to specific stimuli.
The function of low pH in these compartments is not entirely understood. When the intraluminal pH of the vesicles is neutralized, either with ionophores or basic amines, several important reactions in both the endocytic and exocytic pathways are inhibited. These include (a) receptor recycling during receptor-mediated endocytosis (3); (b) degradation of macromolecules in the lysosome (37); (c) sorting of macromolecules during secretion (18) ; and (d) proteolytic processing of prohormones (22, 33) . Despite the insight provided by this experimental approach, more information is needed about which of these reactions actually do occur in an acidic environment.
To obtain more direct information about the function of acidic compartments in the processing of macromolecules by the Golgi apparatus and secretory vesicles, we have used a newly developed technique for visualizing acidic compartments (2). 3-(2,4-Dinitroanilino)-3' amino-N-methyldipropylamine (DAMP) 1, a basic congener of dinitrophenol (DNP), accumulates in acidic compartments and is retained there after fixation with aldehyde fixatives. Sites of DAMP accumulation can be detected in sections of embedded tissue by either light microscopy or electron microscopy with an antibody directed against DNP. Moreover, with suitable antibodies, both DAMP and antigens of interest can be colocalized in the same cell. This technique was used to show that trans cisternae and vesicles of the Golgi apparatus in human fibroblasts are acidic compartments and that fibronectin resides in acidic trans Golgi vesicles (1) . We have now used this strategy to study the role of low pH in the proteolytic processing of proinsulin to insulin.
Proinsulin is a single polypeptide chain composed of the B and A subunits of insulin joined by the C-peptide region. Before insulin secretion, the C-peptide and its flanking basic amino acids are proteolytically excised from proinsulin by the combined action of both tryptic and carboxypeptidaselike enzymes (5, 6 ) that are believed to have an optimum activity at acid pH. Proinsulin can be immunocytochemically distinguished from insulin with a proinsulin-specific monoclonal antibody (15, 16) , which allows the immunocytochemical localization of sites of proinsulin cleavage. Therefore, to determine the distribution of acidic compartments relative to the conversion of proinsulin to insulin, islet cells were incubated in the presence of DAMP and processed for immunocytochemical colocalization of either proinsulin or insulin and DAMP.
Materials and Methods

Materials
A mouse hybridoma clone producing a monoclonal antibody directed against DNP conjugated to ovalbumin (clone HDP1) was grown in the peritoneal cavity of mice, and the IgG fraction purified as previously described (2) . DAMP was synthesized as previously described (2) . Monoclonal anti-proinsulin IgG (GS-9A8 and GS-4G9) was previously characterized (15 
Labeling Islet Cells with DAMP
Islets of Langerhans from normal adult rats (Sprague Dawley, SIVZ strain) were isolated by collagenase digestion (13) . Freshly isolated islets were incubated for I h at 37°C in calcium-free Krebs-Ringer solution that contained 0.5% BSA and 16.7 mM glucose, bubbled with O2/CO2 (95:5 vol/vol). At the end of the incubation period, 30 I.tM DAMP was added to the medium and the islets were incubated for 1 h at 37°C. The islets were washed and either fixed immediately, incubated an additional 30 min at 37°C in the presence of 25 I.tM monensin or incubated an additional 30 rain at 37°C in the absence of monensin. The islets were then fixed for 2 h at room temperature with 1% glutaraldehyde in 0.1 M Na phosphate buffer (pH 7.3), dehydrated, and embedded in either Epon or Lowicryl K4M.
Indirect lmmunofluorescence
Sets of three serial sections (0.5 to 1.0 p.m thick) of Epon-embedded islet cells were collected on glass slides and processed to remove Epen (17) . All antibodies were prepared in PBS. Individual sections in this series were incubated either with guinea pig anti-insulin serum (diluted 1:400 vol/vol), monoclonal anti-DNP IgG (5 Ixg/ml), or monoclonal anti-proinsulin IgG (0.1 to 0.2 I.tg/ml) for 2 h at room temperature in a moist chamber. After washing in PBS two times for 5 min each, the sections were incubated for 1 h at room temperature with the appropriate FITC-labeled anti-IgG (diluted hi00 vol/vol). Sections were then washed with PBS, counterstained with Evans Blue (0.03% wt/vol) and examined by transmitted fluorescence using a Leitz Ortholux fluorescence microscope.
lmmunolocalization in Lowicryl Thin Sections
Colloidal gold particles (10-nm diameter) were prepared by the method of Slot and Geuze (32) and conjugated to protein A by the method of Roth et al. (27) . Serial thin sections (80-100 nm thick) of Lowicryl-embedded islet cells were collected on nickel grids and processed for immunolabeling. To localize DAMP, sections were incubated for 2 h at room temperature in a moist chamber with anti-DNP IgG (0.1 lag/ml) followed by rabbit antimouse IgG (12 pg/ml) and protein A-gold (diluted 1:70 vol/voi) for 1 h at room temperature. Between each antibody application, the sections were washed extensively with distilled water. Proinsulin was localized by the same procedure using monoclonal anti-proinsulin IgG (GS-4-G9, 0.6 p.g/ml). Insulin was localized by incubating sections for 2 h with guinea pig anti-insulin serum (diluted hl0,000 vol/vol) and protein A-gold (diluted 1:70 vol/vol). Sections were stained with 5 % aqueous uranyl acetate and lead citrate before examination with the electron microscope.
Quantitative Evaluation of Protein A-Gold Labeling
To quantify the distribution of DAMP and proinsulin-specific gold particles in the same secretory vesicles, two consecutive serial thin sections of Lowicryl-embedded islet cells were alternately stained with anti-proinsulin IgG or anti-DNP IgG. For each of three islets, 8 to 12 cells were photographed at a calibrated magnification of 12,000 in both sections of the set. When the same secretory vesicle was present in the two serial sections, the number of gold particles per Ixm 2 was determined for each antigen. Golgi apparatus cisternae and multigranular bodies were morphologically identified. The surface area of the different compartments as well as the number of gold particles present were recorded with an electronic pen on a Tektronix graphic tablet (type 4933) connected to an IMSAI microprocessor system (type 8080) that was programmed to calculate the number of particles per I-tm 2 in the compartment. A similar method was used to assess the labeling intensity over the following compartments: cis Golgi cisternae, trans Golgi cisternae, multigranular bodies (lysosomes), and nucleus. Data are presented as a mean 5: SEM and a statistical comparison of the values was done with the Student's t test.
Estimation of pH
To estimate the pH of the various secretory vesicles, we assumed that DAMP accumulation in these compartments was directly proportional to the H* concentration and that aldehyde fixation quantitatively retained DAMP at its site of accumulation. Two important properties of DAMP support these assumptions. (a) Titration experiments indicate that DAMP behaves as an amine with a pK of 10.6 where protonation of each molecule involves the interaction of a single H + with both the primary and the tertiary amine (2) . (b) Fixation most likely involves the cross-linking of the primary amine with proteins in the matrix of the secretory vesicle. Since each type of vesicle has a similar amount of protein, DAMP should be retained equally well in all compartments analyzed after fixation.
The density of gold particles due to anti-DNP IgG binding can be used to calculate pH if the number of gold particles is proportional to the H + concentration (14, 26) . The number of gold particles in the compartment being analyzed was divided by the number of gold particles in a compartment ofpH 7.0, which corresponds to the fold increase in H + concentration in the unknown compartment. This ratio was used to calculate pH according to the formula: pH = 7.0 -log ~-, where 7.0 = pH at neutrality, 4 = density of gold particles in a pH 7.0 compartment (density of DAMP gold particles over the nucleus), and D = density of DAMP-specific gold particles in compartment being analyzed.
Results
Insulin-rich Secretory Vesicle Is a Low pH Compartment
Sites of DAMP accumulation in cells and tissues can be readily identified by indirect immunofluorescence (2) . This affords the opportunity to survey the distribution of DAMP Isolated islet ceils were incubated for 1 h at 37°C in medium that contained 30 ltM DAMP. After fixation and embedding, three serial sections, 0.5-1.0 lam thick, were prepared and each was stained to localize the indicated antigen as described in Materials and Methods.
Bar, 10 ~tm. (Fig. 2 [right] (Fig. 1 A) was stained with anti-insulin serum and numerous fluorescent vesicles were seen distributed throughout the cytoplasm of these cells. The second section (Fig. 1 B) was stained with anti-DNP IgG; the fluorescent pattern in this section was strikingly similar to the anti-insulin serum pattern (compare Fig. 1 A with 1 B) . The final section in the series (Fig. 1 C) was used to localize proinsulin; proinsulin was confined to the perinuclear area of the cell, a distribution that corresponds to the Golgi apparatus (23) . In contrast to the insulin-rich vesicles, there appeared to be little DAMP accumulation in the proinsulin-rich compartment (compare Fig. 1 B with 1 C) .
DAMP accumulation was dependent on the presence of a proton gradient in the insulin-rich secretory vesicles. When DAMP-treated islet cells were post-incubated in the presence of 25 I.tM monensin, which dissipates proton gradients, anti-DNP IgG binding was abolished (Fig. 2 A) . However, the anti-insulin serum staining pattern on the adjacent section was unchanged (Fig. 2 B) .
Proinsulin Secretory Vesicle Is Less Acidic Than Insulin Secretory Vesicle
By electron microscopic immunocytochemistry, proinsulin is found principally in the Golgi cisternae and immature clathrin-coated secretory vesicles (22, 23) . To determine the relationship between secretory vesicle acidification and their content of either proinsulin or insulin, we incubated cultured islet cells in the presence of 30 lxM DAMP and then fixed and embedded them in Lowicryl K4M. Serial sections were prepared (80-100 nm thick) and alternate sections were used to localize either DAMP and proinsulin or DAMP and insulin with the protein A-gold technique. The same secretory vesicle was identified in both sections and assessed for the presence of DAMP and the respective antigen. Fig. 3 shows two consecutive sections that were alternately stained for insulin (Fig. 3 A) and DAMP (Fig. 3 B) . Many of the secretory vesicles contained a high concentration of both antigens, as judged from the density of gold particles. A subpopulation of these vesicles, however, had a high concentration of insulin but a low concentration of DAMP (compare density of gold particles in vesicles labeled 1-3, Fig. 3, A and B). Since anti-insulin antibodies bind to proinsulin (23), the DAMP-poor vesicles could contain proinsulin. Therefore, we prepared a second set of serial sections and alternately stained these for proinsulin and DAMP (Fig. 4) . A visual inspection of these images (compare density of gold particles in vesicles labeled 1-6 in Fig. 4, A and B) shows that the proinsulin-rich vesicles had relatively little DAMP as compared to the insulin-rich vesicles (vesicles that don't bind anti-proinsulin IgG). However, compared to the Golgi apparatus (G, Fig. 4 A) , which also contained proinsulin, there appeared to be a significant amount of DAMP accumulation in the proinsulin-rich secretory vesicles. By this analysis, there appeared to be an increase in the amount of DAMP that accumulated as the secretory vesicles matured, which indicates a progressive acidification of this compartment, These visual impressions were confirmed by a quantitative analysis of the density of DAMP-specific gold particles in the various compartments of the secretory pathway (Table I) . The density of particles in the cis and the trans Golgi cisternae were not significantly above background (background = number of gold particles/lam 2 over the nucleus); however, we detected a weak but significant labeling of the forming secretory vesicles that appeared to be budding from the trans-most cisternae. By contrast, the density of gold parti-cles in the proinsulin-rich vesicles and the insulin-rich vesicles averaged 71/~tm 2 and 433/!xm 2, respectively. Labeling in all compartments was abolished if the cells were postincubated in the presence of monensin. Therefore, the density of gold particles due to DAMP reflected the proton concentration in the compartment.
Proinsulin-to-lnsulin Conversion Occurs in an Acidic Compartment
The majority of secretory vesicles in a B-Cell either contain proinsulin, insulin, or both. Since anti-proinsulin IgG only recognizes the prohormone, the protein A-gold density due to binding of this antibody is a measure of proinsulin concentration in the secretory vesicle. Therefore, a decrease in the density of proinsulin-specific gold particles in an individual vesicle is a function of the amount of proinsulin that has been converted to insulin. We used this knowledge to determine the relationship between vesicle acidification (density of DAMP-specific gold particles) and the conversion of proinsulin to insulin in individual secretory vesicles.
Cultured islet cells that had been incubated in the presence of 30 I.tM DAMP were embedded in Lowicryl K4M. Consecutive thin sections were prepared and alternately stained with anti-proinsulin IgG or anti-DNP IgG. We identified 200 secretory vesicles that were present in both sections and determined the density of DAMP-specific and proinsulinspecific gold particles in each vesicle. In Fig. 5 , the proinsulin gold density is plotted on the ordinate and the DAMP gold density on the abscissa. The density of DAMP-specific gold particles ranged from 0-800 per ~tm 2 in the various secretory vesicles. The vesicles that contained a high density of proinsulin-specific gold particles, however, had a DAMP gold density in the lower range of this distribution (0-200 per ~tm2).
If acidification of secretory vesicles is required for conversion of proinsulin to insulin, then there may be a critical pH required for conversion to take place. This would be reflected by the concentration of DAMP in each of the secretory vesicles that contained either proinsulin or insulin. Therefore, from the data in Fig. 5 , the secretory vesicles were subdivided into eight groups covering a DAMP concentration from 4 to 800 gold particles/~tm 2 and the average density of proinsulin-specific gold particles for each group was calculated (Fig. 6) . Each of the groups from four DAMP gold particles/~tm 2 to 127 DAMP particles/p.m 2 had the same average density of proinsulin-specific gold particles, which indicates that the concentration of proinsulin was the same in these compartments. However, in the sets of vesicles that had a higher density of DAMP-specific gold particles, there was a marked decline in the concentration of proinsulin. This suggests that the pH of the vesicles must decline to a critical level before proinsulin is converted to insulin. Moreover, once this pH is reached, prohormone conversion occurs very rapidly.
Discussion
Previous studies (22, 23) have documented that proinsulin to insulin conversion is a dynamic process that occurs in a subpopulation of secretory vesicles that are decorated by a clathrin coat. Because monensin inhibits conversion (22) , these investigators suggested that the proteolytic processing of the prohormone depends on a low pH environment. In support of this idea, the pH optimum for the enzymes thought to process proinsulin is "~pH 5.5 (5, 6, 33) and isolated insulin-rich secretory vesicles have an acidic interior that is maintained by an ATP-dependent proton pump (11). The application of the DAMP technique has allowed us to show directly that the proinsulin-rich vesicles are acidic but that the pH declines further in the mature insulin-rich secretory vesicle.
The quantification procedure that we have used allows us to estimate the time-dependent change in pH as the secretory vesicle matures (see Materials and Methods for calculations). The immature vesicle can be distinguished from the mature vesicle by their reactivity to anti-proinsulin IgG, and the density of gold particles due to DAMP accumulation can be used to estimate the pH. Using this approach, the average pH of the proinsulin compartment was estimated to be pH 5.7 and the insulin-rich compartment averaged pH 5.0. Our estimate of the pH of mature insulin-containing secretory vesicles (pH 5.0) is in good agreement with the pH measured in isolated insulin-rich vesicles (pH 5.5-5.0) by Hutton (11).
Based on our analysis of the density of anti-proinsulin IgG binding sites in vesicles with different densities of anti-DNP IgG binding sites, there appears to be a critical pH that is required for conversion of proinsulin to insulin to take place. From the DAMP-specific gold particle density in Fig. 6 , we estimate this to be pH 5.5. This estimate is in good agreement with the known pH optimum (pH 5.5 [33] ) of the peptidases that are thought to cleave the C-peptide. What is puzzling, however, is that our results suggest that cleavage only occurs within a narrow pH "window" yet these peptidases have significant activity above and below their pH optimum (6) .
The density of DAMP-specific gold particles in both immature and mature secretory vesicles was quite variable. This may reflect a heterogeneity of pH in these compartments due to different rates of proton pumping. On the average, however, the pH of the mature vesicles appeared to be considerably below that required for the processing of proinsulin to insulin. Quite possibly the additional drop in pH provides an environment that supports other important chemical reactions that must take place for proper secretion. For example, the lower pH may promote the crystallization of insulin (for discussion see reference 11) or play a role in the exocytosis of the secretory vesicle when the cell is properly stimulated. In addition, there may be a relationship between vesicle pH and the targeting of some insulin-rich secretory vesicles to lysosomes for crinophagy (24) .
These data suggest a model for how the processing of proinsulin to insulin is regulated. The pH in the cisternae of the Golgi apparatus appeared to be near neutrality; therefore, the proinsulin in this compartment cannot be processed because the appropriate enzymes are not active. Proinsulin, together with the proteolytic enzymes, are packaged into trans Golgi vesicles that are surrounded by a membrane that contains the ATP-dependent proton pump. As the proton pump transports H ÷ into these vesicles, the pH decreases, the proteolytic enzymes are activated, and the C-peptide is cleaved from the A and the B chains of insulin. Therefore, for proper processing of prohormone, four distinct molecules (the two proteases, the proinsulin, and the proton pump) must be coordinately segregated into the same secretory vesicle as it buds from the trans cisternae of the Golgi apparatus. This study extends our analysis of acidic compartments in the secretory pathway in two ways. First, in human fibroblasts (1) and hepatoma cells (31) the trans Golgi cisternae are clearly acidic; however, we found that in islet cells there was little acidification of any Golgi cisternae. Therefore, acidification of this compartment can be regulated to serve the needs of individual types of ceils. Second, we now have localized two secreted proteins, proinsulin and fibronectin (1) , to acidic trans Golgi vesicles. Whereas the secretion of insulin is strictly regulated, the secretion of fibronectin in human fibroblasts generally is not regulated (36) , although secretion can be stimulated by glucocorticoids (21) . Therefore, even though there is good evidence that regulated and nonregulated secretory pathways are separate within the same cell (12) and that in some cases the sorting of the two types of secretory proteins may be dependent on low pH (18), our results suggest that both classes of proteins may pass through acidic compartments. Additional studies using the DAMP procedure to colocalize acidic compartments together with regulated and nonregulated secretory proteins in the same cell are needed to better understand the relationship between acidification and secretion.
These studies clearly establish the range of applications of the DAMP technique. Not only can we obtain quantitative in- Figure 5 . Concentration of proinsulin vs. the concentration of DAMP in the same secretory vesicle, Consecutive serial thin sections of cultured islet ceils that had been prepared as described in Fig. 3 were alternately stained with anti-proinsulin IgG or anti-DNP IgG. After the incubation, both sections were processed for protein A-gold localization of the antibodies. 200 secretory vesicles that could be identified in both sections (see Fig. 4) were assessed for the number of gold particles per i.tm 2 due to the binding of anti-proinsulin IgG and anti-DNP IgG.
formation about the co-distribution of DAMP and specific intracellular antigens but we also can use this information to estimate relative pH values for these compartments. This permits the identification of compartments where the pH is regulated in response to specific stimuli. This should be a powerful adjunct to existing techniques for investigating the function of intracellular low pH compartments in various types of cells. From Fig. 5 , sets of secretory vesicles were grouped according to the indicated density of DAMPspecific gold particles. The density of proinsulin-specific gold particles for each secretory vesicle in this range was averaged. Data is presented as mean -I-SEM.
